Sperm cells have been isolated from pollen tubes growing in style segments of the dicotlyledon Rhododendron macgregoriae and the monocotyledon Gladiolus gandavensis by the in vivo/in vitro method at various stages of fertilization. Pollen tubes emerged from the cut end of the style into agar medium, and more than 95% contained sperm cells. Sperm cells were released from the pollen tubes by osmotic shock or by placing styles in wall-degrading enzymes: 0.5% macerozyme and 1% cellulase. The isolated sperms were ellipsoidal protoplasts of diameter about 2 x 3 micrometers in Gladiolus and about 3 x 4 micrometers in Rhododendron. After isolation, a proportion of the sperm cells occurred in pairs linked at one end by finger-like connections. The pairs of isolated sperms were dimorphic in terms of surface area and volume. By cutting the styles at various positions and times after pollination, the potential exists to detect changes in sperm gene expression associated with fertilization.
The majority of angiosperms possess bicellular pollen grains in which the generative cell is held entirely within the vegetative cell at maturity and division to form the pair of sperm cells occurs within the pollen tube following germination and entry into the style (11) . The generative nuclei have been isolated in one system, as a prelude to understanding pollen-specific gene expression (13) . In several tricellular pollen types, where sperm cell division occurs in the maturing pollen, the sperm cells have been isolated. Success has been achieved using osmotic shock in Hordeum (1) , Plumbago (17) , Brassica (14) , and Zea (6) and using physical grinding in Brassica (9) , Gerbera (18) , and Zea (2) . However , there have been no reports of the isolation of sperm cells in bicellular systems. Here, the sperms must be isolated from the pollen tubes, either during in vitro growth, or in vivo within the style. Modification of the in vivo/in vitro method (7, 16) provides a readily accessible source ofpollen tubes containing sperm cells. This paper presents the first isolation and characterization of viable sperm cells from two bicellular pollen systems, the monocotyledon Gladiolus and the dicotyledon Rhododendron, as part of a study which aims to explore the molecular basis of double fertilization in angiosperms (12) . ' (8) . Preliminary studies to release the sperm cells from the tubes were carried out on microscope slides. Pollen tubes of both genera were incubated in a drop of 5 or 7.5% sucrose medium for osmotic shock or were treated with 0.5% macerozyme R-10 (Serva) and 1% cellulase (Onozuka R-10, Serva) in the culture medium (minus agar). After 1 h of incubation, a drop of a DNA fluorochrome was added and examined by fluorescence microscopy for released sperm nuclei. The number of sperm nuclei released from the tubes was counted. Each sample was replicated ten times. These data enabled the yield of sperms to be calculated on a per style basis. For isolation, the sperm cells were collected directly from enzyme-treated pollen tubes on 3Abbreviation: DAPI, 4',6'-diamidino-2-phenylindole. The enzyme treatment gave the opposite results in the two genera. Rhododendron pollen tubes showed over 90% dissolution of the tube tips within 1 h, with many nuclei closely associated in pairs (Fig. 1) . With Gladiolus pollen tubes, however, the recovery of sperm cells was only about 59%.
Scanning electron microscopy of the enzyme-treated sperm cells showed that the sperms are ellipsoidal, about 3 to 4 jtm in diameter in Rhododendron (Figs. 2 and 3 ) and 2 to 3 ,um in Gladiolus (Figs. 4 and 5) . A notable feature of Rhododendron sperms is that the nucleus of the cells is frequently observed apparently attached to the plasma membrane, which has a raised sculptured appearance at such sites (Fig. 3) (Table I ). The smaller of the pair had a more granular surface structure than the larger smoother sperm as seen by scanning electron microscopy (Fig. 3) . In Gladiolus, both the mean surface area and volume of the larger sperm were approximately double those of its smaller partner (Table I ).
DISCUSSION
The in vivo/in vitro technique (7, 16) , combined with enzymic digestion of the pollen tube walls, has enabled the isolation of sperm cells from bicellular pollen systems. The sperms are produced at second pollen mitosis within the pollen tubes in vivo and are accessible for experimental analysis after brief in vitro growth. This method overcomes a major limitation in studying the physiology and biochemistry of sperm cells in the majority of angiosperms that possess bicellular pollen grains. The technique is simple and can be extended to other genera after suitable optimization of culture media and time of implantation. This is the first report ofthe use ofcell wall-degrading enzymes to isolate sperm cells, which has previously been achieved by osmotic shock (14, 16) or by physical grinding (2, 9) . The variation between monocot and dicot pollen tube systems is shown in this study, where enzyme treatments were most effective in isolating Rhododendron tubes, while osmotic shock was the more effective method for Gladiolus. We have found for the first time in a bicellular system that a proportion of the sperm cells are linked together in pairs following isolation from pollen tubes. The sperms in each pair differ significantly in surface area and cell volume. Dimorphism of sperm cells within pollen grains is known in several systems (15) , but there are no previous data from pollen tubes. The single sperms isolated in this study possess surface membrane outgrowths suggesting that the paired associations have become detached during isolation. In tricellular systems, a special structural organization, the male germ unit (4, 5) comprises an association of the pair of sperm cells in which one is linked with the vegetative nucleus, i.e. the linking of all the DNA of male heredity. The significance of such structural organization is that the sperm cells may be preprogrammed as a transmitting unit for double fertilization. Complete units have been isolated from mature pollen grains in a tricellular system (14) .
In Gladiolus and Rhododendron pollen tubes, there is no evidence from the present study that the vegetative nucleus remains associated with the sperm cells following isolation. This may be due to the change in shape, the rounding off ofthe sperm cells when isolated. Cytological evidence from three-dimensional (2, 6, 7, 9, 14, 17, 18) , it is likely that these sperms are physiologically inactive. The in vivo/in vitro technique, however, provides populations of sperm cells from pollen tubes that are approaching fertilization, when these cells are about to perform their biological role. The number of tubes in replicated styles is sufficient for molecular analysis of the differences in sperm surface macromolecules, particularly for screening of monoclonal antibodies (9) . Given further improvements in techniques, it should be possible in future to isolate polyadenylated RNA for studies of the expression of fertilization-specific sperm genes.
